Background: The effect of anti-epidermal growth factor receptor (EGFR) antibodies (mAb) in metastatic colorectal cancer seems limited to KRAS wild-type (wt) tumours, but still a major fraction of KRASwt patients are nonresponders and supplementary selection criteria are needed. We investigated methodological aspects of KRAS testing and the predictive and prognostic value of KRAS status combined with three EGFR-related gene polymorphisms [singlenucleotide polymorphisms (SNPs)] in patients treated with cetuximab and irinotecan.
introduction
Recent advances in the treatment of metastatic colorectal cancer (mCRC) have included introduction of agents targeting the epidermal growth factor receptor (EGFR). Especially mAbs, which inhibit ligand binding to the extracellular domain, have demonstrated activity. The BOND trial showed efficacy of cetuximab in combination with irinotecan in chemotherapyrefractory patients with mCRC, and a randomised trial showed advantage of panitumumab versus best supportive care in this setting [1, 2] . Furthermore, EGFR inhibitors are moving from third-line into first-line therapy and larger adjuvant studies are ongoing [3, 4] .
A substantial amount of patients will experience side-effects, and the consequences of administrating these agents to inappropriately selected patients are clearly a waste of time and financial resources and most importantly, an exposure of these patients to unnecessary toxic effects. With the increasing use of these drugs, there is an urgent need for reliable selection criteria, but unfortunately EGFR testing by immunohistochemistry has no predictive value in this setting [1, 5, 6] .
Recently, data from an increasing number of retrospective trials have suggested that response to EGFR inhibitor cetuximab seems confined to KRAS wild-type (wt) tumours [7] [8] [9] [10] [11] . Furthermore, results from a large randomised trial showed a clear benefit from panitumumab treatment in KRASwt patients in terms of response and progression-free survival (PFS), whereas patients with KRAS mutant tumours did not respond to treatment and had no survival benefit [12] .
KRAS is a small G-protein, which is part of the important intracellular Ras/Raf/MAPK pathway. It has a self-inactivating capability and is normally tightly regulated. Activating mutations in the KRAS oncogene lead to a constitutively active KRAS protein and dysregulation of the RAS-dependent pathway. KRAS mutations are considered an early event of colorectal tumour genesis and are present in 20%-50% of colorectal tumours [7, 8, [11] [12] [13] [14] .
KRAS mutations have traditionally been detected by sequencing analysis, but recently a commercially available kit has been used in different trials. Since KRAS testing may have a positive predictive value of 100% for lack of response, methodological aspects such as sensitivity is of uttermost importance. Knowledge of KRAS status in primary tumours compared with distant metastasis and the importance of tumour heterogeneity is sparse in the literature [9, 15] . This issue is very important to the clinical value of KRAS testing. Furthermore, selection of patients based on KRAS status may prevent a group of patients from unnecessary toxic effects, but there is still a major fraction of nonresponding patients among the KRASwt patients, which underline the need for supplementary predictive markers to combine with KRAS analysis.
Recently, focus has been drawn to single-nucleotide polymorphisms (SNPs) related to the EGFR signalling [16] . The EGF61A>G SNP (rs4444903) that is located in the EGF 5#-untranslated region (UTR) influences EGF gene expression and holds predictive information [9, [16] [17] [18] [19] . We previously investigated the functional influence of this SNP in colorectal cancer (CRC) patients and results suggested a dysregulation according to genotype and a different outcome after cetuximab-irinotecan treatment [20, 21] . The EGFR-216G>T SNP (rs17289) is associated with increased promoter activity and EGFR gene expression [22, 23] , and finally, the EGFR R521K SNP (rs11543848) has shown potential influence on outcome in mCRC [16, 24] .
The aim of the present study was to investigate the predictive and prognostic value of KRAS status combined with three different EGFR-related SNPs in patients treated with cetuximab and irinotecan. Furthermore, we aimed at investigating methodological aspects of KRAS testing by comparing two different methods for analysis and finally the KRAS status in primary colorectal tumour and corresponding distant metastases.
materials and methods

patient material
A total of 71 patients at the Department of Oncology, Vejle Hospital, Denmark, were included in the study from April 2005 to January 2008. Patients referred to treatment with irinotecan and cetuximab were included after informed consent. Eligibility criteria were as follows: histologically confirmed mCRC (adenocarcinomas) refractory to prior fluoropyrimidine, oxaliplatin and irinotecan regimes; Eastern Cooperative Oncology Group performance status of two or less; adequate organ function; age over 18 years and measurable disease according to the Response Evaluation Criteria in Solid Tumours (RECIST) [25] , having received at least three cycles of therapy. gene polymorphism analysis. Genomic DNA was extracted from whole blood using the Maxwell 16 DNA Purification KitÒ (Promega Corporation, Madison, WI). Normal colonic tissue was used for DNA extraction in three patients because of inadequate blood samples. PCR was carried out on a ABI 7900 HT Sequence Detection System (Applied Biosystems) using EGF61 and EGFR R521K predeveloped assays (Pre-Developed Assay Reagents, Applied Biosystems, no. c__27031637_10 and c__16170352_20, respectively) according to the manufacturer's protocol. The EGFR-216G>T analysis was carried out as previously described and results were verified by sequencing [23] .
statistics
Fisher#s exact or Chi-square test was used for comparison of different frequencies and to evaluate Hardy-Weinberg equilibrium of allelic frequencies. Clinical follow-up data were obtained from prospectively collected clinical record forms. Overall survival (OS) was calculated from the date of inclusion to the date of death from any cause or last followup. PFS was defined as time from enrolment until disease progression or death. If a patient had not progressed and was still alive, the PFS was censored at the time of last follow-up. OS and PFS were estimated using the Kaplan-Meier method and compared using the log-rank test. [Hazard ratios (HRs) were calculated by the Cox-Mantel test and presented as HR with 95% confidence interval (CI).] All P values referred to two-tailed tests and were considered significant when <0.05. All statistics were calculated using the NCSS Statistical Software (Saugus, MA). results patient characteristics Table 1 presents the baseline characteristics of 71 eligible patients and shows that 48% were women compared with 52% men and a median age of 61 years. The median number of cetuximab-irinotecan cycles was six (range 3-15) and 57 patients (80%) presented some degree of skin toxicity, compared with 13 patients (18.3%), who failed to develop a reaction. Eighteen (25%) patients achieved a PR, compared with 28 (39%) with SD, and a total of 25 (35%) patients progressing (PD) after only three cycles.
survival data
At time of analysis, 46 (65%) patients had died and 25 (35%) were still alive. The median observation time for all patients was 8.0 months (range 1.9-30 months) with a median OS time of 10.8 months (95% CI 8.0-13.8). Eight patients were alive and free from progression at time of analysis and the median PFS was 5.1 months (95% CI 2.8-6.4).
clinicopathological parameters and outcome
Except from cetuximab-related skin rash, patient characteristics were not significantly associated with the outcome (data not shown). The presence and severity of skin rash related to clinical benefit in terms of response rates (RRs) and survival. The RR for patients with a skin reaction was significantly higher than in patients without a rash (data not shown). Skin rash positively affected PFS (log-rank, P = 0.02), but not OS (data not shown).
KRAS analysis
KRAS analysis in primary tumours by the different methods was carried out. A total of 64 patients had sufficient material for DNA analysis by the DxS qPCR kit and 59 samples were available for the sequencing method. The remaining samples had either limited material or poor quality of the DNA. The DxS qPCR kit detected a larger number of mutations compared with the sequencing method (20 and 13, respectively), confirming the higher sensitivity of the qPCR method. In three cases, the PCR failed by sequencing analysis, with a subsequent successful analysis by the kit. Of note, a single 13GGC>TGC mutation was detected by the sequencing methods and not by the DxS qPCR kit. This is in agreement with the directives of the kit, which is not designed to detect this specific codon 13 mutation. Based on the higher sensitivity and PCR success rate, the DxS kit was chosen for analysis of metastatic tissue.
A comparison of KRAS status in primary tumours and metastasis is available from Table 2 . None of the KRASwt primary tumours had mutations in corresponding metastasis and only two distant metastases failed to express KRAS mutation, while detected in the primary tumours. The results demonstrate a clear correlation between primary tumour and metastasis, indicating a limited role of tumour heterogeneity.
Clinical results suggested that response was confined to KRASwt tumours as presented in Table 3 . A total of 22 of 64 patients (34%) available for successful KRAS analysis harboured mutations. The KRASwt patients presented with a RR of 40% compared with 0% in patients with KRAS mutations. The difference was highly significant (P < 0.1 23 ). Survival analysis showed that the median PFS in KRASwt patients was 8.0 months (95% CI 4.2-8.4) compared with 2.3 months in KRAS mutant patients (95% CI 2.1-3.9) (log-rank, P < 0.0088). The median OS was 8.7 months (95% CI 6.4-11.0) versus 11.1 months (95% CI 8.0-14.4), but the difference did not reach statistical significance (P = 0.46).
gene polymorphism analysis
The frequencies of the genotypes and RR according to the different genotypes are presented in Table 3 , indicating 
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a nonsignificant difference between the EGFR-216 and EGFR R521K genotypes, but a significant difference between RR of the EGF61 genotypes (P = 0.02). The results indicated a higher risk of early progression in the EGF61A/G patients compared with the EGF61 A/A or G/G patients (P = 0.02). Furthermore, survival analysis showed a significantly different OS and PFS between the heterozygote and homozygote patients, indicating a different outcome from treatment between the two groups ( Figure 1A and B) .
combined biomarker analysis
The KRAS status, EGF61 genotype and skin rash showed significant association with response and survival in the present material. Of note, there was no correlation between skin toxicity and KRAS (P = 0.48) or EGF61 genotype (P = 0.34) or between KRAS and EGF61 status (P = 0.21). A combined biomarker analysis was carried out including EGF61 genotype analysis on the KRASwt patients. The study included 42 KRASwt patients and survival curves are presented in Figure 1C and D. Most importantly, the rate of progression was 19% in the EGF61 homozygotes compared with 60% in the EGF61A/G patients (P = 0.006), which translated into a marked significant OS benefit of the homozygote patients. These patients had a median OS of 17.1 months (95% CI 11.1-18.2) compared with 5.9 months (95% CI 3.8-9.8) for the EGF61A/G group (log-rank, P = 0.002). The same applied to PFS as presented in Figure 1C , indicating a strong clinical relevance of this combination.
discussion
The present study provides important information on methodological aspects of KRAS testing, essential to ensure a reliable comparison between clinical studies and a safe application of this apparently strong predictive marker in the clinical settings. The results illustrate the higher sensitivity of the DxS kit compared with the standard sequencing analysis, and based on the present comparison between primary tumours and metastases, the use of KRAS testing in a single sample from the primary tumour seems reliable for predictive purposes. Different retrospective studies have shown that response to anti-EGFR mAb is confined to KRASwt tumours, as also presented here [7, 8, 10, 11, 12, 26, 27] ; Twenty-two (34%) patients harboured mutations and demonstrated tumour resistance and a shorter PFS than the KRASwt patients. However, there is a large group of nonresponders among the KRASwt patients that present markers have failed to identify and the need for further investigational studies is obvious. This study is the first to focus on supplementary biomarker analysis on a subgroup of KRASwt patients.
We confirmed previous results on the role of skin reactions during treatment, which showed a clear correlation to the outcome of clinical studies [1, 12, 28] . The present data suggested a correlation to response, PFS and OS in agreement with the results of the large panitumumab trial, which demonstrated that patients with KRASwt and worst grade skin toxicity experienced better PFS and OS [12] . However, this was not confirmed by Lievre et al. [11] , who failed to demonstrate a correlation to PFS and suggested that KRAS status is a more powerful predictor of resistance to cetuximab. However, skin toxicity is not a baseline feature and might occur late in treatment. Consequently, it has limited value as pretreatment selection criteria. On the other hand, the appearance of skin reactions might become guidance for termination of or dosing during treatment, but unfortunately the result of the EVEREST study has not provided the clinicians with a clear strategy for dose escalation as expected [29] , and consequently the role of skin toxicity remains unsolved.
A large number of potential alternative markers have been investigated, including EGFR gene copy number assessment, but data are inconsistent and much debated [26, 27, 30] . The present study investigated three relevant SNPs related to the EGFR regulation based on previous literature and functional studies [20] . Only the EGF61 polymorphism presented a clear clinical impact, suggesting an important role of the ligands as also confirmed by Khambada-Ford et al. [14] , who investigated the expression of amphiregulin and epiregulin in these patients. Most importantly, they reported that patients with KRASwt and high gene expression of EGFR binding ligands were more likely to obtain disease control. However, gene expression analysis requires fresh tumour tissue sampling, which is not always available as a clinical procedure, and the present SNP analysis on a simple blood sample is thus a very convenient candidate marker. original article
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The EGF61 SNP implies a substitution of G by A at locus 61 in the 5#-UTR of the EGF gene and has a functional influence on EGF production. Monoclonal cells are reported to produce significantly lower levels of EGF in A/A genotypes than cells from G-containing variants and furthermore, gene expression levels differ according to genotype in glioblastomas and normal colon [18, 20] .
Previous studies by Zhang and recently by Graziano et al. are diverging concerning the association between the EGF61 genotypes and favourable outcome [16, 17] . Dr Zhang presented a higher OS in patients with the A/A compared with G-containing variants, which is theoretically in agreement with preclinical studies, indicting that the G allele is more active than the A and consequently associated with higher EGF levels [18, 19] . However, these results are in contrast to the study by Graziano et al. [16] , which indicates that EGF upregulation maybe associated with better outcome in the G-containing patients. The favourable effect of the G/G genotype is counterintuitive, but could be explained by the possibility of EGF-inducing apoptosis and growth inhibition as demonstrated in experimental systems.
Interestingly, the present results show an unfavourable outcome in KRASwt patients harbouring the A/G variant, compared with the A/A and G/G patients, which again is in contrast to previous findings. However, investigations of EGF gene expression in CRC and normal colon have shown that G-containing variants have a functional influence on normal colon but not in colorectal tumours, suggesting a dysregulation in the tumours [20] . Also, the correlation between EGF gene expression in tumours and normal colon seemed strongest in the A/G group compared with the A/A and G/G patients (Spindler, Jakobsen et al., unpublished data), indicating a resolved regulation in these genotypes compared with the latter, and thus a potentially increased ability to compete with cetuximab binding in the EGF61A/G patients. Results indicated that the EGF61 homozygote patients had a lower risk of treatment failure than the EGF61A/G patients, which translated into an increased median OS of 17.1 months compared with 5.9 months. The difference in PFS between the two groups was significant, however less pronounced.
Only the present study has combined the marker with KRAS analysis and analysed a subgroup of KRASwt patients, which seems a reasonable clinical approach that deserves further investigation. Due to the low number of events and the exploratory nature of this study, a multivariate analysis was not carried out on the present material. However, a Bonferroni correction of the statistical test on the EGF61 marker did not weaken the results on response or log-rank 
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testing in the wt patients (data not shown). Further studies, preferably in larger prospective settings with a relevant control group, would contribute to the evidence of this promising approach. In addition to elucidating methodological aspects of KRAS testing, we present a feasible potential supplementary marker for predicting patient outcome, when combining the KRAS analysis with EGF61 status. The marker combination showed a clear benefit from treatment in the KRASwt-EGF61 homozygote patients in terms of decreased risk of treatment failure and a significant survival benefit. 
